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ABSTRACT
We present a study of the eclipses in the accreting white dwarf EX Dra during TESS
Cycles 14 and 15. During both of the two outbursts present in this dataset, the eclipses
undergo a hysteretic loop in eclipse-depth/out-of-eclipse-flux space. In each case, the
direction in which the loops are executed strongly suggests an outburst which is trig-
gered near the inner edge of the accretion disk and propagates outwards. This in turn
suggests that the outbursts in EX Dra are ‘Inside Out’ outbursts; events predicted by
previous hydrodynamic studies of dwarf nova accretion disks and confirmed spectro-
scopically in a number of other accreting white dwarf systems. We therefore propose
that the direction of the loop executed in eclipse-depth/out-of-eclipse flux space be
used as a test to phenomenologically distinguish between ‘inside out’ and ‘outside in’
outbursts in other eclipsing dwarf novae; a reliable and purely photometric test to
differentiate between these phenomena.
Key words: accretion disks – cataclysmic variables – eclipses – stars: individual: EX
Dra
1 INTRODUCTION
EX Draconis (Fiedler et al. 1997) (hereafter EX Dra) is an
Accreting White Dwarf (AWD) which is accreting matter
from a Roche-lobe overflowing M dwarf star (Knigge 2006).
Photometric studies have shown that the system has an or-
bital period of 5.04 hr, and that the system is nearly edge-
on with an inclination of ∼ 85◦ (Baptista et al. 2000). EX
Dra regularly undergoes outbursts, with a recurrence time of
∼ 30 days, leading to this system being classified as a dwarf
nova.
The high inclination of EX Dra results in deep eclipses
of the white dwarf, the accretion disk and the hotspot (Jo-
ergens et al. 2000), as well as shallower eclipses of the sec-
ondary star offset in orbital phase by 0.5 (e.g. Golysheva
? E-mail: James.Court@ttu.edu
et al. 2015; Khruzina et al. 2019). The large depths of these
eclipses make EX Dra a good candidate on which to perform
a study of eclipse variation over time, a technique which can
shed light on the behaviour of the accretion disk (e.g. Smak
1971) and help us better understand the nature of the out-
bursts in these objects. Previous studies of EX Dra, such as
the study by Billington et al. (1996) shortly after the discov-
ery of the source, have focused on the shape of the eclipses
and used them to place constraints on the parameters of the
two objects in the binary. In particular these authors found
that the flux at mid-eclipse during quiescence is consistent
with being entirely from the companion star, suggesting that
the accretion disk is entirely eclipsed at this time and hence
the radius of the accretion disk is smaller than that of the
donor star.
Dwarf nova outbursts such as those seen in EX Dra
can be divided into two categories depending on the evo-
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lution of the accretion disk throughout the event: so-called
‘Outside-In’ outbursts, which begin partway through an ac-
cretion disk at a substantial distance from the white dwarf
and propagate inwards, and ‘Inside-Out’ outbursts, which
begin near the disk’s inner edge and propagate out (e.g.
Meyer & Meyer-Hofmeister 1984). Both types of outburst
have been modelled mathematically by Mineshige & Osaki
(1985). They suggest that in an Outside-In outburst, there
is first a build-up of matter at the outer edge of the disk due
a low disk viscosity which does not allow for efficient out-
ward transfer of angular momentum. The surface density
thus increases at this radius until no stable configuration in
the ‘cold’ state exists, at which point this part of the outer
disk switches to the ‘hot’ state (see e.g. Ichimaru 1977; Mi-
neshige & Osaki 1983). This triggers a heating wave which
propagates inwards, until it either dissipates or the entire
disk is in the ‘hot’ state. While most AWDs preferentially
show outbursts of one type or the other, a number of sys-
tems (e.g. NY Ser, Sklyanov et al. 2018) have been observed
to undergo both Inside-Out and Outside-In outbursts.
The models of Mineshige & Osaki (1985) show that
Inside-Out outbursts should occur at lower accretion rate
M˙ (e.g. Mineshige & Osaki 1983). In this case, the mass
transfer rate is low enough that material does not pile up at
the edge of the disk and is able to move inwards via viscous
diffusion, increasing surface density globally throughout the
disk. The critical surface density value above which no cold
state solution exists is smaller in the inner disk, and hence
the instability is first triggered relatively close to the inner
edge of this disk. From this point, the heating wave propa-
gates both inwards and outwards until the entire disk is in
the hot state.
Although the models of Mineshige & Osaki (1985) pro-
vide physically motivated explanations for how each type of
outburst occurs, they make a number of predictions which
have not been supported by subsequent observations (Buat-
Me´nard et al. 2001). If the type of outburst is determined
only by the global accretion rate, for example, it would not
be expected that individual systems would show both types
of outburst without corresponding significant evolutionary
changes. Modifications to the models (e.g. Buat-Me´nard
et al. 2001) have so far been unable to explain the observed
fact that both types of outburst seem to be able to occur
in systems with both low and high accretion rate, meaning
that the trigger criteria behind Inside-Out and Outside-In
outbursts remains an open question.
Inside-Out and Outside-In outbursts can be distin-
guished with high-quality two-colour observations (e.g. Ioan-
nou et al. 1999; Webb et al. 1999). In the absence of multiple
colours, however, the common way to separate the two types
of outburst is with qualitative parameters such as the ‘shape’
of each outburst. This method of separation outburst types
has been noted as being inaccurate, subjective and heavily
affected by human biases (e.g. Kato & Osaki 2013). As such,
a new model-independent photometric test to differentiate
these two phenomena is required to build a robust sample
of each type of outburst in order to perform future studies
to better understand their physical differences.
It has been shown (e.g. Smak 1971; Rutten et al. 1992)
that, in eclipsing AWDs, the profile of the eclipses can also
be used to distinguish between Inside-Out and Outside-In
outbursts; as the secondary star passes in front of the accre-
tion disk, different parts of the disk are eclipsed in sequence,
and hence analysing the shape of the eclipses can indicate
which radii in the disk are brighter than others. Baptista
et al. (2000) used this technique on a number of outbursts
of EX Dra in 1995-1996 using a small sample (∼ 30) of ob-
served eclipses. They found that the outbursts in EX Dra
were all consistent with being Inside-Out in nature. How-
ever, this method of determining outburst type requires de-
tailed modelling of individual eclipses, which in turn relies
on high-quality lightcurve data with time resolutions on the
order of ∼ 10 s, and hence the number of systems on which
such analysis can be performed is low.
EX Draconis is among the objects currently being ob-
served by TESS during its survey of transients in the north-
ern hemisphere. Due to the high observation cadence and
long stare-time of this instrument, we now have an unprece-
dented large sample of eclipses from this object, during both
outbursts and quiescent periods, allowing population stud-
ies of these events as well as studies of how they evolve over
time. In this paper we present such a study of the eclipses in
this object, and we show that a study of eclipses in a dwarf
nova can be used to differentiate between the aforementioned
Outside-In and Inside-Out outbursts in these systems with-
out needing to assume complex eclipse profiles a priori.
AWDs can also be studied in the timing domain. These
systems naturally show a strong Fourier peak corresponding
to their orbital period, but many AWDs also show evidence
of a distinct signal at a slightly higher or lower frequency.
This modulation, referred to as a ‘superhump’, is believed
to be a beat frequency between the orbital period and some
form of modulation in the accretion disk.
Superhumps come in two different varieties. ‘Positive’
superhumps, in which the period of the modulation is greater
than the orbital period, are seen during unusually large
‘super’-outbursts of a class of dwarf nova systems referred
to as SU UMa-like AWDs. This type of superhump is be-
lieved to be caused by the nodal precession of an elongated
accretion disk (e.g. Horne 1984). Negative superhumps on
the other hand, in which the period of the modulation is
shorter than the orbital period, are seen during quiescence
and smaller outbursts in a wider variety of AWDs (e.g. Har-
vey et al. 1995). This type of superhump is generally inter-
preted as being caused by the vertical precession of a tilted
accretion disk (e.g. Bonnet-Bidaud et al. 1985).
The geometric origins of superhumps mean that their
presence, or absence, in a system can provide valuable in-
formation as to the configuration of the accretion disk in
that system. As such we also probe the properties of the
superhumps of EX Dra in this paper, giving us additional
information on the geometry of the system and helping to
explain how and why outbursts in this system evolve in the
way that they do.
2 OBSERVATIONS & DATA ANALYSIS
2.1 Dataset
We make use of data from the Transiting Exoplanet Survey
Satellite (TESS, Ricker et al. 2009); a space-based observa-
tory launched in 2018. TESS ’s primary mission is to perform
a survey of optical transits in both the both the northern and
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southern ecliptic hemispheres. It does this by dividing the
sky into a number of sectors, each of which is observed for
a period of ∼ 1 month. The entire sector is observed at a
cadence of 30 minutes and a number of pre-selected objects,
including EX Dra, are each observed at a cadence of 2 min-
utes. Both the short-cadence and long-cadence barycentred
data are freely available from the portal provided by the
Mikulski Archive for Space Telescopes (MAST1).
EX Dra was observed by TESS during Sectors 14 &
15, corresponding to the first two sectors in the survey of
the northern ecliptic hemisphere; these in turn correspond
to MJDs (Modified Julian Dates) 58682–58709 and 58710–
58736 for a total of 53 days. We show the lightcurves of
these observations in Figure 1. While it was being observed,
EX Dra underwent two outbursts; once in Sector 14, begin-
ning at MJD ∼ 58693, and once in Sector 15, beginning at
MJD ∼ 58718. In both cases the beginning and the end of
the outburst were observed, but a portion of the middle of
the outburst fell into a ∼ 1 day data gap caused by TESS
telemetering data back to Earth.
2.2 Eclipse Analysis
The observations with TESS in these two sectors include
239 eclipses: 122 in Sector 14 and 117 in Sector 15. In order
to analyse the properties of the eclipses, we first isolated
them using our own algorithm:
(i) Create a ‘smoothed’ lightcurve by removing all oscil-
lations at the orbital period:
(a) For each datapoint f (t) in the original lightcurve,
make a subset of all datapoints f (x) such that t− p2 ≤ x<
t + p2 , where p is the orbital period of EX Dra.
(b) Calculate the nth percentile rate value in f (x),
where n corresponds to the approximate percentage of
each orbital period in which the white dwarf and accretion
disk are at least partly eclipsed. Call this value ql For EX
Dra, we use n = 20.
(c) Remove all datapoints with flux values less than
or equal to ql . As the main eclipse is always the faintest
part of each orbital period, this essentially removes the
eclipse from the dataset, as well as the secondary eclipse
if present. This in turn prevents a change in the depth of
an eclipse from artificially causing a change in the out-of-
eclipse flux value measured in Step (iii).
(d) Find the mean of the remaining datapoints in f (x).
Replace the flux value of f (t) with this value.
(ii) Subtract the smoothed lightcurve from the original
lightcurve to obtain the detrended lightcurve, or a lightcurve
which only retains variability at the orbital period of the
system.
(iii) For each eclipse in the detrended lightcurve, select a
small time window around the eclipse minimum, such that
the shape of lightcurve within does not include the ingress or
egress of the hotspot. Fit a Gaussian to the lightcurve in this
period to extract values for eclipse depth and width. Using
the same small time range, make a subset of data from the
1 https://mast.stsci.edu/portal/Mashup/Clients/Mast/
Portal.html
smoothed lightcurve and take the mean flux of this subset
to be the out-of-eclipse flux.
In Figure 2 we show how our algorithm decomposes
the lightcurve from Sector 14 into smoothed and detrended
components. Note that the eclipse-isolating algorithm we use
here is different to the method used in Court et al. (2019) to
isolate eclipses in the AWD Z Cha. In that paper, the authors
remove the eclipses from the lightcurve and fit splines across
the resulting data gaps to interpolate what the flux would be
at each eclipse midpoint if no eclipse occured. This method
was valid in in Z Cha because, aside from a weak and rela-
tively constant-brightness hotspot during quiescence, there
was no significant modulation in the lightcurve on the orbital
period. By using splines to estimate the uneclipsed flux dur-
ing data gaps caused by the removal of eclipses, the authors
were able to account for variability of the source flux over
timescales longer than an orbital period and hence more ac-
curately estimate what the uneclipsed fluxes were at these
times. However in EX Dra the hotspot varies significantly
during quiescence (e.g. Golysheva et al. 2015), as does the
depth of the secondary eclipse and the brightness of the flux
between the main and secondary eclipses, which would sig-
nificantly contaminate our estimates for out-of-eclipse flux
for each eclipse if we used the method of Court et al. (2019).
3 RESULTS
3.1 Period and Superhumps
We calculate an independent value for the orbital period of
EX Dra by first estimating a period from the largest peak in
a Lomb-Scargle spectrum of the entire dataset from both ob-
servations. We then folded the lightcurve over a range of pe-
riods close to this estimate, choosing the period which gave
the lightcurve with the lowest dispersion. We iterated this
process for successively smaller ranges of periods until the
change in dispersion between periods was no longer signifi-
cant. Using this method we found a period of 0.2099385(6)
days, or 5.03852(1) hours. This is similar to but slightly
longer than previous periods reported for this object (e.g.
0.20993698(1) d, Baptista et al. 2000). This discrepancy is
consistent with previously reported variations in the period
of this system, including sinusoidal variations on timescales
of years, and a long term trend towards higher ortbital pe-
riod (Pilarcˇ´ık et al. 2012; Baptista et al. 2000).
The TESS lightcurves of EX Dra show evidence of a
strong negative superhump in this source during quiescence
with a period of ∼ 4.81 hr. These appear as diagonal ‘lines’
in a flux-phase plot (shown in Figure 3), which indicate a
periodic signal offset slightly in frequency from the orbital
frequency. We find no evidence of either positive or negative
superhumps during either outburst.
In order to test whether the superhump frequency
changes during the observations covered in this study, we
used generalised Lomb-Scargle spectroscopy (Lomb 1976;
Scargle 1982; Irwin et al. 1989) to calculate superhump
periods separately from three different segments of the
lightcurve:
• Segment 1 between the start of the lightcurve and MJD
2458694, corresponding to the quiescent period before the
first outburst.
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Figure 1. Lightcurves of EX Dra from TESS Sectors 14 (top) and 15 (bottom), showing one outburst in each. Inset in the lightcurve
of Sector 14 is a zoom to the region highlighted in blue, showing the structure of the eclipses in this source. Grey periods indicate data
gaps caused by telemetry constraints. BJD refers to Barycentred Julian Days.
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Figure 2. The decomposition of the lightcurve of Sector 14 into
smoothed and detrended components, using the algorithm out-
lined in Section 2.2.
• Segment 2 between MJDs 2458706 and 2458719, corre-
sponding to the quiescent period between the two outbursts.
• Segment 3 between MJD 2458731 and the end of the
lightcurve, corresponding to the quiescent period after the
second outburst.
In the Lomb-Scargle spectrum of each lightcurve seg-
ment, we fit a Gaussian to the peak corresponding to the
superhump frequency. We find peak superhump frequencies
of 4.9901(8), 4.9900(2) and 5.014(6) BJD−1 for Segments 1,
2 and 3 respectively2. The superhump frequencies calcu-
lated for Segments 1 and 2 are consistent with being iden-
tical. However, the frequency in Segment 3 is significantly
higher. The Gaussian fit to the superhump frequency in Seg-
ment 3 is also significantly broader, with a Gaussian width
of 6.369(9) BJD−1, compared to widths of 3.1541(7) and
2.9041(6) BJD−1 for Segments 1 & 2. This suggests that the
superhumps in Segment 3 are somewhat less coherent than
2 BJDs: Barycentred Julian Days
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Figure 3. A flux-phase diagram showing the TESS lightcurve of
EX Dra folded over a period of 0.2099385 d, corresponding to the
orbital period of the system. Eclipses can be seen as dark vertical
tracks on this plot centred at phase 0, whereas the superhumps
can be seen as bright diagonal stripes. The count rate in each
orbital period has been normalised to better show the periodic
behaviour of the source rather than longer-term variability.
in the other two segments, in turn suggesting that the sec-
ond outburst (but not the first) disrupted the nodal disk
precession believed to give rise to negative superhumps (e.g.
Harvey et al. 1995).
3.2 Eclipse Analysis
The luminosity L of an accretion disk depends on both the
temperature at each annulus in the disk (T (r)), which in
turn depends on the local accretion rate m˙ at each location.
For a static disk, L can be given by:
L ∝
∫ Rout
Rin
T (r)4rdr (1)
where Rin and Rout are the inner and outer radii of the disk,
and T (r) is given by:
T (r) ∝
(
m˙
r3
[
1−
√
R∗
r
]) 1
4
(2)
where R∗ is the radius of the compact object.
In eclipsing systems, a portion of the disk flux is ob-
scured by the companion star during each eclipse. In the case
of a maximal eclipse, in which the companion star passes di-
rectly in front of the compact object, the total unobscured
flux φecl from the system can be given by:
Φecl ∝
Φ0 + k
∫ Rout
Recl
T (r)4rdr if Recl < Rout
Φ0 otherwise
(3)
where Recl is the radius of the eclipsing companion star, Φ0
is the residual flux after the entire accretion disk and the
compact object itself are obscured, and k is a constant to
convert the luminosity of the disk into the flux from the disk
as seen from Earth. Φ0 is assumed to be entirely from the
companion star and constant. As can be seen from equations
1 & 3, measuring the flux from an eclipsing system both in
and out of eclipse allows us to break the degeneracy between
the accretion rate in the system and the characteristic radii
of the disk.
To find whether eclipses in EX Dra should cover a sig-
nificant portion of the disk, we can compare the radius of
the companion star to the ‘circularisation radius’ Rcirc of the
disk; the smallest value of Rout corresponding to the lowest
value of accretion rate that would form such a disk (e.g.
Frank et al. 2002):
Rcirc = a(1 +q)(0.5−0.277logq)4 (4)
where a is the semi-major axis of the binary orbit and q
is the ratio of the donor mass to the accretor mass. Previ-
ous studies (Barwig et al. 1994; Billington et al. 1996) have
estimated values of q= 0.795±0.082, leading to a circulariza-
tion radius Rcirc ≈ 0.14a (see also Baptista & Catala´n 2000;
Joergens et al. 2000).
There are a number of published methods to estimate
the effective radius Rlobe of a Roche lobe (e.g. Kopal 1959;
Paczyn´ski 1971), and hence the radius of a Roche-lobe filling
star as is present in AWDs. Eggleton (1983) showed that:
Rlobe =
0.49q2/3a
0.6q2/3 + ln(1 +q1/3)
(5)
agrees with numerical calculations of Roche Lobe radii to
within 1% for all values of q. Using this equation and the
approximation of q found by Billington et al., we find that,
in EX Dra, Rlobe ≈ 0.36a. As this is a factor of > 2 larger
than Rcirc, we find that it would be possible for the disk to
be fully eclipsed in EX Dra.
In Figure 4 we show plots of how the eclipse depth and
the out-of-eclipse flux of EX Dra vary over the course of
both of the outbursts in this study. In both cases, we show
lines with equations given by:
dmax = Φ−Φ0 (6)
where dmax is the maximum eclipse depth for a given un-
eclipsed flux, Φ is the estimated uneclipsed flux at that time.
To find Φ0, we fit this function to the datapoints correspond-
ing to eclipses which occurred during quiescence. If the ra-
dius of the disk is smaller than the radius of the companion
star at this time (as found spectroscopically by Billington
et al. 1996), then datapoints on this line will then corre-
spond to eclipses in which the entire disk is obscured (e.g.
Scaringi et al. 2013). As the response drift of TESS is not
well described, we perform this fit to find Φ0 independently
for each sector as recommended in the TESS Instrument
Handbook3.
Notably in each sector we find eclipses above the line
of total eclipse when using our fit values of Φ0; this indi-
cates non-physical fractional eclipse depths of greater than
100%, in turn indicating that the accretion disk was not
fully eclipsed during quiescence. As such, for further analy-
sis, we redefine Φ0 in each sector as the largest value such
that no rebinned4 eclipse has a depth greater than 1σ above
3 https://archive.stsci.edu/missions/tess/doc/TESS_
Instrument_Handbook_v0.1.pdf
4 In order to reduce outlier effects on our results, we ‘rebin’ our
eclipses by a factor 2, by finding the mean depth and uneclipsed
flux values of each consecutive pair of eclipses in time.
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Figure 4. Plots of eclipse depth against out-of-eclipse flux for the eclipses in Sector 14 (left) and Sector 15 (right). To show the hysteretic
behaviours in this parameter space, we show the line that would connect these eclipses as the source evolves in time. In both panels,
arrows indicate the direction in which the outburst progressed. The darker dashed lines are the estimated lines of total eclipse we find
by fitting a 1:1 line to the eclipses during quiescence in each sector. The paler dotted lines indicate the estimated lines of total eclipse
we find by asserting that no eclipse may have an eclipse depth that lies more than 1σ above the line. The hysteretic behaviour of the
source in this parameter space can be more clearly seen when plotting fractional eclipse depth: see Figure 5.
the line of total eclipse. This new value is by definition an
upper limit on Φ0, but decreasing this value further does not
qualitatively change any of the results of this study.
In both Sectors, the eclipses show significant deviation
below the line of maximum eclipse during outburst, although
the magnitude of this deviation is significantly smaller than
those seen in eclipses of the CVs KIS J192748.53+444724.5
and Z Cha (Scaringi et al. 2013; Court et al. 2019). In order
to better quantify the hysteresis shown in this parameter
space, we can divide the depth of each eclipse by the pre-
dicted maximum eclipse depth, thus obtaining the fractional
depth ∆ of each eclipse:
∆ =
d
Φ−Φ0 (7)
We show plots of fractional eclipse depth against out-of
eclipse flux in Figure 5; this figure better shows the pres-
ence and direction of hysteretic loops in this parameter space
(hereafter ∆ –Φ space), but the exact shapes of the loops in
this figure depend on the value we obtain for Φ0. We show
that, in both Sectors, eclipses during the rise of the out-
burst show an increase in fractional eclipse depth until they
approach the line of total eclipse. In Sector 14, eclipses re-
main close to the estimated line of total eclipse until near
the peak of the outburst, at which point they decrease to
an eclipse fraction of ∼ 0.85. During the latter stages of the
outburst, the eclipses generally have lower eclipse fractions
than during the outburst rise, resulting in a generally clock-
wise5 hysteretic loop in the parameter space as defined here.
Notably, this is different to the behaviour seen in Z Cha, in
which eclipses execute a generally anticlockwise hysteretic
loop in the same parameter space over the course of an out-
burst (Court et al. 2019).
5 ‘Clockwise’ and ‘anticlockwise’ hysteretic loops in this study
refer to the direction of a loop traced on a diagram with out-of-
eclipse flux on the x-axis and eclipse depth on the y-axis.
The hysteretic behaviour in ∆ –Φ space in Sector 15 is
broadly similar to that in Sector 14; the fractional eclipse
depth tends to be smaller during the fall of the eclipse than
during the rise, again leading to a generally clockwise hys-
teretic loop. There is some more complex behaviour near the
peak of the outburst in Sector 15 during which the eclipses
trace a smaller, anticlockwise hysteretic loop. This behaviour
is likely linked to the more complex profile of the outburst
in Sector 15 compared to Sector 14 (compare e.g. Figure 4).
4 DISCUSSION
By studying the properties of eclipses in EX Dra, we
have discovered the existence of hysteretic loops in eclipse-
depth/out-of-eclipse space (∆ –Φ space). We have also pre-
sented evidence of negative superhumps during quiescence
in this system. Both of these results place constraints on the
geometry of the EX Dra system and the physics of its accre-
tion disk. In this section, we discuss these constraints, and
compare our findings in EX Dra to previous studies of simi-
lar objects, as well as to models of Inside-Out and Outside-In
outbursts in AWDs.
4.1 Comparison with Z Cha
The different hysteretic loop structure traced by the eclipses
in these outbursts highlight a number of significant differ-
ences between EX Dra and Z Cha, another AWD on which
similar analysis has been performed. Court et al. (2019)
found that eclipses in Z Cha underwent anticlockwise hys-
teretic loops in ∆ –Φ space during the course of both an out-
burst and a superoutburst. Court et al. used this behaviour
to attempt to understand the behaviour of the accretion
disk during these events. In order to replicate the loop seen
in data, they found that the outbursts in Z Cha must begin
with an increase in the physical size of the emitting region
MNRAS 000, 1–10 (2019)
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Figure 5. Plots of fractional eclipse depth against out-of-eclipse flux for the eclipses in Sectors 14 (left) and 15 (right). Arrows indicate
the direction in which the hysteretic loops were executed over the course of the outburst in each Sector. To convert eclipse depth to
fractional eclipse depth we assume Φ0 = 133.827 e−s−1 in Sector 14 and Φ0 = 132.770 e−s−1 in Sector 15, chosen to ensure that no eclipse
has an apparent fractional depth more than 1σ above 1.0.
of the disk followed, after some finite time delay, by an in-
crease in the mass transfer rate through the disk and hence
its surface brightness. The opposite direction of the loop we
find here (compare Figures 4 & 5 with Figures 12 & 13 in
Court et al. 2019) indicates that the order of events during
the outburst in EX Dra is reversed; during both outbursts
covered in this study, the disk first underwent an increase in
surface brightness, followed by a radial increase in the size
of the emitting region.
EX Dra and Z Cha have significantly differing orbital
periods; EX Dra has an orbital period of ∼ 5.04 hr (Baptista
et al. 2000), while Z Cha has an orbital period of ∼ 1.79 hr
(e.g. McAllister et al. 2019). Notably, this places the two
systems on opposite sides of the so-called ‘period gap’; a
range of orbital periods between ∼ 2.2 and ∼ 2.8 hr which
relatively few AWDs are found to possess (e.g. Paczynski
& Sienkiewicz 1983). A semi-empirical model of the evolu-
tion of AWDs created by Knigge et al. (2011) suggests that
the physics of mass transfer in these objects should differ
between systems above the period gap and systems below
it. In both cases, the accretion from the Roche-lobe filling
donor star through L1 must be balanced by the shrinking of
the orbital period of the AWD. In systems below the period
gap, Knigge et al. (2011) found that the system evolution is
dominated by the emission of gravitational waves, leading to
a slow orbital shrinkage and a corresponding low accretion
rate M˙. Above the period gap the Roche Lobe is large enough
to contain a star with a radiative core, and the main evolu-
tionary mechanism becomes magnetic braking (Rappaport
et al. 1983). This method of angular momentum transfer is
significantly more efficient than gravitational wave emission,
and hence Knigge et al. (2011) find that AWDs above the pe-
riod gap should have higher M˙ than systems below the gap.
As such, we would expect EX Dra to have a significantly
greater M˙ than Z Cha.
Another notable phenomenological difference between
Z Cha and EX Dra is the behaviour of the eclipses during
quiescence and at the start and end of each outburst. In
Z Cha, Court et al. (2019) found that eclipses during quies-
cence were consistent with having fractional depths of 100%,
and that this remained the case during the initial stages of
each outburst. In EX Dra, we have shown that the fractional
eclipse depth actually increases during the initial stage of
the outburst, meaning that the eclipse fraction during qui-
escence must have been < 100%. The differences between Z
Cha and EX Dra, in terms of how their eclipses properties
vary over the course of an outburst, suggest that the evo-
lutions of the outbursts observed in each source evolve in
different ways.
4.2 Distinguishing Inside-Out and Outside-In
Outbursts
The different ways in which an accretion disk evolves in both
an Inside-Out and an Outside-In outburst is reflected in the
behaviour of a source’s hysteretic behaviour in ∆ –Φ space.
In an Outside-In outburst, the outburst onset is preceded
by a build-up of material at the outer edge of the disk, so it
should be expected that the outer radius of the disk increases
before its temperature. This is consistent with the results
Court et al. (2019) obtained by studying the eclipses in Z
Cha, suggesting that the outbursts in that source are indeed
of the Outside-In type. We do not however see this behaviour
in the eclipses of EX Dra, suggesting that the outbursts from
this source are not Outside-In in nature.
If we assume that the accretion disk in EX Dra is in-
deed larger than the companion star during quiescence, then
an Inside-Out outburst can explain the increase in eclipse
fraction during the outburst rise; Inside-Out outbursts have
previously been identified in EX Dra during the 1990s (Bap-
tista et al. 2000). At the onset of such an outburst, only the
inner region of the disk experiences an increase in surface
brightness, while the luminosity of the outer disk remains
unchanged (shown in stages A→B in Figure 6). Assuming
that the ‘extra luminosity’ Le due to some portion of the
disk going to the hot state is entirely concentrated in the
MNRAS 000, 1–10 (2019)
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Figure 6. Upper: A diagram representing the evolution of an accretion disk during an Inside-Out outburst as described by Mineshige
& Osaki (1985). In each image, portions of the disk in the ‘cold’ state are shaded in blue, portions of the disk in the ‘hot’ state are shaded
in red and the radius re corresponding to the radius of the eclipsing red dwarf is shown as a dashed line. In stage B a heating wave is
triggered in the inner portion of the disk, within re. This raises the fractional eclipse depth until stage C when the heating wave spreads
beyond re and the fractional eclipse depth begins to decrease again. In stage D a cooling wave is triggered at some radius outside that at
which the heating wave was triggered, proagating throughout the disk (E) and eventually returning the disk to a quiescent state F. The
accretion disks shown are not to scale. Middle: a plot, from a simple model based on this evolution and the disk temperature profile
solutions of Shakura & Sunyaev (1973), showing how the total disk luminosity and fractional eclipse depth would vary throughout such
an outburst. Lower: The out-of-eclipse rate and fractional eclipse depths which we infer for the outburst in Sector 14, to be compared
with the predicted behaviour of these parameters in a simple inside-out outburst. The grey shaded region corresponds to the data gap
in this sector.
region of the disk which is eclipsed, we find:
∆ =
dq +Le
Lq +Le
(8)
where dq and Lq are the eclipse depth and out-of-eclipse disk
flux when the disk is fully in the cold state during quies-
cence. Assuming Lq > dq, i.e. some part of the disk remains
uneclipsed during quiescence, we see that ∆ increases as the
surface brightness of the inner disk increases.
As the outburst progresses, the outer radius of the hot
region of the disk increases and Equation 8 no longer holds
(Stage C in Figure 6). As more of the uneclipsed portion of
the disk also goes into the hot state, the eclipse fraction de-
creases again, and the eclipses in a ∆ –Φ plot diverge from
line of maximum eclipse. The outwards heating wave will
reach the outer edge of the disk or dissipate, marking the
peak of the outburst. It can be shown that a cooling wave
following behind the outwards heating wave will then begin
to propagate inwards and outwards from a radius midway
through the disk (Stages D→F in Figure 6), extinguishing
the outburst and returning the disk to the cool state (Mi-
neshige & Osaki 1985). During this return to quiescence, the
emission from the disk is less centrally peaked than during
the outburst rise. This leads to eclipse fractions being gener-
ally lower during the outburst decay than during the rise, in
turn giving rise to a clockwise hysteretic loop in ∆ –Φ space
much as we see in Figure 5.
Due to the similarities between the data and what would
be expected from the scenarios described above, we con-
clude that the outbursts in both Sectors 14 and 15 were
of the Inside-Out type. The models of Mineshige & Osaki
(1985) predict that Inside-Out outbursts should only occur
in AWDs with a low accretion rate, in turn suggesting that
the accretion rate in EX Dra is relatively low. This result
is at odds with the expectation that systems above the pe-
riod gap, such as EX Dra, have significantly higher accretion
rates (Knigge et al. 2011) than those below the period gap
(such as Z Cha, a system which we interpret as undergoing
Outside-In outbursts). Our result serves as further evidence
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that global M˙ is not the sole criteria separating inside-out
and Outside-In outbursts in AWDs (see also Buat-Me´nard
et al. 2001).
The rise in ∆ during the onset of the outburst is de-
pendent on the disk not being fully eclipsed during quies-
cence. This contradicts the results of Billington et al. (1996)
who found that the emission during eclipses in quiescence
is spectroscopically consistent with being entirely from the
companion red dwarf. This disparity is likely due to the fact
that the data used by Billington et al. was taken solely in
the Hα band; in this band, the relatively red companion
star contributes a much higher fraction of the system’s flux,
making it easier to reduce the disk flux to an undetectable
fraction during eclipses. In any case, we find that the hys-
teretic loop in ∆ –Φ space is not dependent on the quiescent
radius of the accretion disk; an outburst as described above
should always show a clockwise loop in this parameter space
regardless of whether the disk is smaller or larger than the
eclipsing companion at the start of the outburst. This is a
strong contrast with the anticlockwise hysteretic loop ob-
served during Outside-In outbursts (e.g. Court et al. 2019).
As such, we propose that the direction of a hysteretic loop
in ∆ –Φ space can be used as a purely photometric test to
differentiate between inside-out and Outside-In outbursts in
eclipsing AWDs.
4.3 Outburst onset in Tilted Accretion Disks
In systems with high accretion rates, matter gathers at the
outer edge of the disk faster that it can be transferred in-
wards, and the critical surface density is triggered at the
outer edge of the disk, triggering Outside-In outbursts. As
such, Outside-In outbursts are believed to be the more com-
mon type of outburst in high accretion systems, with Inside-
Out outbursts more common in low accretion rate systems
(e.g. Mineshige & Osaki 1985). The accretion rate in EX
Dra is not known, but the well-constrained ∼ 5.03 hr pe-
riod of the system places it firmly above the ‘period gap’,
a range of periods between 2–3 hr in which relatively few
CVs are found. Above the period gap the inspiral rate of
the binary, and hence the mass transfer rate M˙, is driven
by magnetic braking. However, below the period gap, it can
be shown that a Roche-lobe filling near-main sequence star
should be fully convective in nature, and hence not support a
significant magnetic field. In these systems, the inspiral rate
is instead driven by the much slower process of the emit-
ting gravitational radiation. As such it is expected that, in
general, AWDs above the period gap should have higher M˙
than systems below it (Rappaport et al. 1982, 1983; Spruit
& Ritter 1983).
As EX Dra is above the period gap, the system is likely
to have a relatively high accretion rate. This is seemingly at
odds with the fact that this sytem consistently undergoes
Inside-Out outbursts (e.g. Baptista et al. 2000, our discus-
sion in Section 4.2). However, the models of Mineshige &
Osaki (1985) are calculated for a smoothly accreting circular
disk in the orbital plane of the system, and a number of other
authors have proposed ways to trigger Inside-Out outbursts
in more complex high-M˙ systems. For example, magneto-
hydronamic simulations by Armitage & Livio (1996) have
shown that, in systems with very high M˙, a portion of the
accretion flow can ricochet off the outer edge of the disk and
proceed in an arc to accrete directly onto the inner disk.
However, it is unclear whether the M˙ in EX Dra is large
enough for this process to occur.
The presence of superhumps in EX Dra however does
suggest that this system is also more geometrically complex
than the systems modelled by Mineshige & Osaki (1985).
Negative superhumps, such as we see in this system, are be-
lieved to be caused by a beat between the orbital frequency
of a system and a slow vertical precession of a tilted accre-
tion disk (e.g. Bonnet-Bidaud et al. 1985; Patterson et al.
1993). As such the presence of negative superhumps, such
as we find in EX Dra, is evidence for such a tilted accretion
disk.
Recent simulations by Kimura et al. (2019) have shown
that, in AWD systems containing a highly tilted accretion
disk, some of the matter donated from the companion star
can bypass the outer accretion disk and fall directly onto the
inner regions of the disk. This causes the surface density in
the inner regions of the accretion disk to increase dispropor-
tionately quickly compared to the outer regions. This in turn
should lead to inside-out outbursts being the dominant form
of outbursts in such system. As such, the presence of nega-
tive superhumps in EX Dra, as well as our identification of
inside-out outbursts in this source, provides direct evidence
for the accretion scenario proposed by Kimura et al.. This
in turn can explain how inside-out outbursts can dominate
in a system which likely has a high accretion rate.
5 CONCLUSIONS
We have performed a study of the eclipses of the AWD
EX Dra during the first two outbursts which were ob-
served by TESS. We have analysed how these eclipses evolve
in eclipse-depth/out-of-eclipse-flux space (∆ –Φ space) over
the course of each outburst, finding significant hysteretic
behaviour in both cases. This makes EX Dra the third
AWD in which such hysteresis has been quantified, after
KIS J192748.53+444724.5 (Scaringi et al. 2013) and Z Cha
(Court et al. 2019), strengthening the argument that this be-
haviour is likely common to all eclipsing dwarf nova systems.
Eclipse depth variability over the course of an outburst has
also been reported in a number of other eclipsing CVs (e.g.
V447 Lyr, Ramsay et al. 2012, V729 Sgr, Ramsay et al. 2017,
and CRTS CRTS J035905.9+175034, Littlefield et al. 2018),
suggesting that there are many more systems to which these
methods can be applied.
We find that during the initial stages of each outburst,
the fractional eclipse depth rises, in turn implying that the
accretion disk cannot have been fully eclipsed during qui-
escence. This is a direct contradiction to the results of a
spectroscopic study performed by Billington et al. (1996),
which is likely due to differences in the instrumentation and
energy bands used in our respective studies.
We have found that the hysteretic loops in ∆ –Φ space
in EX Dra are executed in the opposite direction to those
seen in Z Cha. We have shown that this difference would
be expected if the outbursts in EX Dra are of the ‘Inside
Out’ type (outbursts that begin in the inner regions of the
accretion disk) as opposed to the ‘Outside In’ outbursts seen
in Z Cha, despite EX Dra being expected to have a higher
accretion rate than Z Cha. As such, we have found that the
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direction of the hysteretic loops in ∆ –Φ space can be used
as a reliable and purely photometric method to phenomeno-
logically distinguish between the two types of outburst.
As analysis of hysteretic ∆ –Φ loops can be performed
on any dwarf nova system which shows deep eclipses, this
new method gives us a way to categorise historical dwarf
nova outbursts in archival data, as well as any future out-
bursts which occur in these systems. This will significantly
increase the sample size of outbursts which are reliably
known to belong to each type (‘Inside-Out’ or ‘Outside In’),
allowing for population studies into how AWD phenomenol-
ogy differs between these two types of outburst. As AWDs
are oriented randomly in space, we can expect ∼ 11% to be at
angles of & 85◦, and hence likely eclipsors, meaning that the
total sample of AWDs on which our method can be applied
should be high. Applying our method to identify inside-out
outbursts to additional AWDs which show negative super-
humps will also be able to provide additional evidence for
the model of accretion proposed by Kimura et al. (2019),
in which an accretion stream feeds directly into the inner
portions of a highly tilted disk.
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